A palladium-catalyzed C-H arylation reaction of nitroimidazoles and nitropyrazoles was developed using aryl bromides as arene donors. The electron-withdrawing effect of the nitro group allows for direct C-H arylation reactions of the nitro diazoles with high regioselectivity under mild conditions. The new C-H arylation approach is thus complementary to nucleophilic substitution reactions, enabling the preparation of complex nitroazole compounds.
Introduction
Nitroazoles constitute an important heterocyclic class in medicinal chemistry and materials science.
1 Activated by reduction in hypoxic cells, nitroazole drugs and drug candidates have been developed to treat cancer and anaerobic bacterial infection, such as metronidazole, tinidazole, and nimorazole.
2 Also, the nitro group, readily introduced by various nitration methods, is one of the most straightforward ways to provide a nitrogen atom source to heteroarenes, transformed to the amino group by reduction and nitrogencontaining heterocycles by reductive cyclization.
3, 4 Despite the importance of the nitroaromatic compounds, the C-H arylation of nitro compounds has been limited to nitrobenzene, pyridine, and pyrazole substrates. [5] [6] [7] [8] Particularly, these studies found that the arylation of nitroheteroarenes required a stoichiometric amount of coinage metal salts, such as Ag 2 CO 3 and CuI, thus complicating the isolation of products and limiting the scope of substrates.
The general reactivity of simple diazoles suggest that the C5 position of imidazoles and C4 of pyrazoles are susceptible to electrophilic substitution, whereas the C-H bonds at the C2 of imidazoles and C5 of pyrazoles are the most acidic (Figure 1 (a) and 1(b)).
9 In contrast, the nitro derivatives of diazoles have been studied mostly in the context of the vicarious nucleophilic substitution reaction by taking advantage of the electron-withdrawing nitro group (Figure 1(c) ). 10 However, the high electrophilicity prevented from the use of strong bases for deprotonation of nitroazoles, thus limiting the synthetic utility of nitroazoles as nucleophiles. We envisioned that the presence of the nitro group should enable both the C5 positions of imidazoles and pyrazoles to be not only electrophilic but also the most acidic, allowing for efficient C-H functionalization reactions (Figure 1(d) ). Guided by the electronic effect of the nitro group, we have developed a regioselective C-H arylation reaction of nitroimidazoles and nitropyrazoles.
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Experimental
General. All solvents were purchased from Sigma-Aldrich (anhydrous, Sure/Seal). All reagents were used as received unless otherwise noted. [PCy 3 H]BF 4 was purchased from Alfa Aesar and stored in a dessicator. 4-Nitroimidazole, 4-nitropyrazole, dimetridazole (8) , and 1-butylimidazole (10) were purchased from TCI.
Analytical thin-layer chromatography (TLC) was performed using glass plates pre-coated with silica gel (0.25 mm, 60 Å pore-size) impregnated with a fluorescent indicator (254 nm). TLC plates were visualized by exposure to ultraviolet light and then were stained by submersion in potassium permanganate solution followed by brief heating on a hot plate. Flash column chromatography was performed on silica gel (40-63 µm) using the indicated solvent system. Nuclear Magnetic Resonance spectra were recorded at 300 K on a 300 Fourier transform NMR spectrometer in CDCl 3 . Proton chemical shifts are expressed in parts per million (ppm, δ scale) and are referenced to residual protium in the NMR solvent (CDCl 3 , δ 7.26). Data for were added K 2 CO 3 (1.47 g, 10.6 mmol) and alkyl iodide (10.6 mmol). After stirring for 16 h at 25°C, the reaction mixture was treated with water (15 mL) and EtOAc (20 mL) and transferred to a 125 mL separatory funnel. The organic layer was collected and the aqueous layer was extracted with EtOAc (25 mL × 2). The combined organic layers were washed with brine (20 mL), dried over sodium sulfate and filtered. The filtrate was concentrated, and the residue was purified by flash column chromatography to provide the corresponding alkyl azole.
1-Butyl-4-nitro-1H-imidazole (1) . Purification by flash column chromatography (EtOAc/hexanes = 2:1) provided butyl imidazole 1 as a white solid (1.27 g, 85% yield 1-Benzyl-4-nitro-1H-pyrazole. Purification by flash column chromatography (EtOAc/hexanes = 1:1) provided 1-benzyl-4-nitro-1H-pyrazole as a white solid (1.76 g, 98% yield). Alternatively, the crude product can be crystallized using hexanes and EtOAc. mp 51−53 °C; IR (film) 3128, 1455, 1437, 1425, 1363, 1335 cm The reaction mixture was purged with nitrogen through a Teflon-lined cap. Then the cap was replaced with a new Teflon-lined solid cap. The reaction vial was moved to a preheated reaction block. After stirring for 18 h at the indicated temperature, the reaction mixture was cooled to 25°C and concentrated. The residue was purified by flash column chromatography to provide the desired arylated product. 
Results and Discussion
Many transition metal-catalyzed C-H arylation reactions of diazoles are affected by the strength of the base, requiring strong alkoxide bases or highly soluble carboxylates in polar aprotic solvents.
14,15 Naturally, base-sensitive functional groups do not tolerate these conditions, including nitroazole compounds. However, we considered that carbonate bases and nonpolar solvents should be sufficient to lead to arylated nitroazoles as nitroazoles are highly reactive due to the presence of the nitro group. 16 In fact, we observed that the C-H arylation reaction of nitroimidazole 1 in nonpolar toluene produced 5-arylated imidazole 2 more selectively than the one in polar DMA, presumably due to the more effective coordination of the palladium complex with the nitro group in the nonpolar medium (Table 1 , entries 1 and 2). In lieu of K 2 CO 3 , Cs 2 CO 3 can be used for the arylation of nitroimidazoles (Table 1, entry 3) . These results showed that the base-sensitive nitroazole compounds were tolerant of the carbonate bases at the high temperature. The air-stable, commercially available electron-rich phosphonium salt [PCy 3 H]BF 4 was used on the benchtop for the arylation of nitroazole compounds. In the absence of the ligand, the desired arylation product was not formed (Table 1, entry 4) . Neither phenanthroline nor PPh 3 was as efficient as the electron-rich phosphine ligand (Table 1 , entries 5 and 6).
( Table 1 , entry 7). The addition of pivalic acid that in situ generates the soluble pivalate base only deteriorated the regioselectivity of the arylation reaction (Table 1, entry 8) .
With the optimized conditions in hand, we demonstrated that 1-butyl-4-nitroimidazole 1 gave rise to C5-arylimidazole 2 and 4 in 68% and 52% yields, respectively ( Table 2 , entries 1 and 2). Functionalized arene donors, such as 3-bromopyridine, can also be coupled with the nitroimidazole (Table 2, entry 3) . 18 Furthermore, the enhanced reactivity resulted from the nitro substituent allowed for a di-arylation reaction when an excess of the aryl bromide and a catalytic amount of pivalic acid were used; diarylimidzole 3 was obtained in 75% yield (Table 2 , entry 4). In addition, 1-benzyl nitroimidazole 6 can be used for the C-H arylation, affording the corresponding product 7 in 70% yield ( Table 2 , entry 5). The X-ray analysis of product 7 unambiguously confirmed the regioselectivity of the arylation reaction of 4-nitroimidazoles ( Figure 2) . These results consistently indicate that the C5 position of 4-nitroimidazoles is preferred to the C2 position for the C-H arylation. Not only 4-nitroimidazoles but also 5-nitroimidazole, dimetridazole 8 was arylated (Table 2 , entry 6); the result that the arylation took place at the C4 position that is generally the least reactive in the palladium-catalyzed arylation of imidazoles is another example of the strong activating effect of the nitro group.
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More importantly, the observed reactivity is in stark contrast to that of simple imidazole like 10 that resulted in only a trace amount of the arylation products under the standard toluene conditions (Table 2 , entry 7).
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The protocol developed for nitroimidazoles can also be applied for the regioselective arylation of nitropyrazoles. Similar to nitroimidazoles, the C5 position of 4-nitropyrazoles was the most reactive, giving 5-arylated pyrazoles in high yields (Table 3 ). The di-arylation of 4-nitropyrazoles was not as efficient as that of 4-nitroimidazoles; when 2.5 equiv of the aryl bromide in conjunction with 0.30 equiv of pivalic acid was used, the di-arylation product 13 was obtained in 25% yield along with the mono-arylation product 12 in 62% yield. Not only the N-benzylpyrazole but also the N-methyl counterpart reacted with a variety of aryl bromides to provide 5-arylated pyrazoles. Both electron-rich and electron-deficient bromoarene donors can be employed for the process. Notably, it was not necessary to include an excess of transition metal additives to prevent the cleavage of the N-N bond of the nitropyrazole ring;
8 the nitropyrazoles were compatible with the mild toluene conditions.
We propose that the C−H arylation of nitroazoles occur via concerted metalation/deprotonation (CMD) where the carbonate base is involved in the intramolecular deprotonation (Scheme 1, path a). Given to the highly electrophilic nature of the nitroazole ring, however, we cannot exclude a Heck-type addition/elimination mechanism (Scheme 1, path b). 21, 22 Similar to vicarious nucleophilic substitution reactions, the aryl palladium species could undergo an addition to the heterocyclic ring. Subsequent epimerization through the nitro group followed by β−H elimination would restore the aromaticity, giving the arylated azole product.
Conclusion
In conclusion, we have developed a direct C−H arylation reaction of nitroimidazoles and nitropyrazoles using aryl bromides as arene donors. Guided by the electronic character of the nitroazole ring, we have found that a catalytic amount of the palladium complex derived from air-stable [PCy 3 H]BF 4 and a stoichiometric amount of weak base K 2 CO 3 resulted in high yields of arylated nitroimidazoles and nitropyrazoles. Under these practical conditions, the base-sensitive nitroazole heterocycles were well tolerated. Combined with vicarious nucleophilic substitution reactions, the direct C−H arylation strategy will allow for rapid functionalization of synthetically important nitroazole compounds.
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C NMR spectra and X-ray crystallographic data of compound 7. Crystallographic data for arylimidazole 7 have been deposited with the Cambridge Crystallographic Data Centre as supplementary publication no. CCDC 995468. These data can be obtained free of charge via http://www.ccdc.cam. ac.uk/conts/retrieving.html or from CCDC, 12 Union Road, Cambridge CB2 1EZ, UK, E-mail: deposit@ccdc.cam.ac.uk (or FIZ, D-76344, Eggenstein-Leopoldshafen, Germany, Email: crysdata@fiz-karlsruhe.de). The reaction was carried out at 100 °C. 
